3-Isopropylmalate dehydrogenase (IPMDH)-encoding leuB genes were obtained from the obligate piezophile Shewanella benthica DB21MT-2 and non-piezophile Shewanella oneidensis MR-1. The genes were expressed in Escherichia coli and the proteins were purified using His-tag. The estimated kinetic parameters of these enzymes indicated that IPMDH of S. benthica DB21MT-2 is more tolerant of high pressure than that of S. oneidensis MR-1. Thus such an adaptation is one of the mechanisms bacteria utilize for survival at high pressures.
The deep sea is an environment of extremely high pressures. Therefore, the organisms living under such conditions should be adapted to such extreme environments. In the case of land organisms, many of their enzyme activities are inhibited at higher pressures, but the enzymes of deep-sea organisms should remain active under such extreme conditions. 1) For example, the dihydrofolate reductase activity of the deep-sea facultative piezophile Shewanella violacea DSS12 shows piezophilic properties, while the same activity in the non-piezophile Escherichia coli does not.
2) Investigation of protein adaptation under high pressures should provide important information regarding the mechanisms of bacterial adaptation in such environments. Furthermore, such analyses can provide novel insights into the relationship between protein structure and function.
3-Isopropylmalate dehydrogenase (IPMDH) is a wellinvestigated enzyme that catalyzes the oxidative decarboxylation of (2R,3S)-3-isopropylmalate (IPM) to 2-oxoisocaproate as the rate-limiting step in the leucine biosynthetic pathway in microorganisms and plants. The crystal structures of several enzyme states have been described. [3] [4] [5] [6] Critical residues for enzymatic activity have been suggested following mutational analyses. [7] [8] [9] From the chemical viewpoint, the stereospecificity of the hydride transfer reaction 10) as well as the stereochemical details of the decarboxylation step 11) in the IPMDH reaction have been elucidated by employing deuterated isopropylmalates as substrates. IPMDH has also served as a model involving protein thermostability. 12, 13) The thermostability of IPMDH from mesophiles was improved by random and site-directed mutation as well as by evolutionary engineering. [13] [14] [15] As described above, IPMDH has been studied in detail from many points of view. Thus the enzyme is suitable for study of the relationship between protein structure, stability, and enzyme activity thanks to extensive knowledge from previous investigations. IPMDH can also serve as a model system for analysis of the effects of high pressure on enzyme activity.
Preliminary investigation of the activities of IPMDHs from deep-and shallow-sea bacteria has been carried out under high-pressure conditions using cell-free extracts of IPMDH-expressing E. coli, 16) but the results were inadequate for detailed analysis because the data were obtained using crude extract, not the purified enzyme. Hence only relative activities were determined as ratios compared with maximal activity. In the present study, IPMDH-encoding leuB genes were isolated from the obligate piezophile Shewanella benthica DB21MT-2 (one of the isolates from the soil of the Mariana Trench recovered during exploration by the Japan Agency for Marine-Earth Science and Technology in 1996), 17, 18) and from the non-piezophile Shewanella oneidensis MR-1 for comparison. The expressed IPMDHs (SbIPMDH and SoIPMDH respectively) were purified, and their kinetic parameters under various pressures were determined.
The leuB genes of S. benthica DB21MT-2 (AB506073) 16) and S. oneidensis MR-1 (SO4235, AE014299) 19) were amplified by PCR using genomic DNA as templates and designed oligonucleotides ( Hind III for S. oneidensis MR-1) and subcloned into the corresponding sites of pQE-80L (Qiagen, Hilden, Germany) yielding pQEMT2-leuB and pQEMR1-leuB respectively. E. coli TOP10 (Qiagen) was then transformed with the resulting plasmids. His-tagged IPMDH was expressed in the cells following induction with isopropyl--D-thiogalactopyranoside, and was purified using a HisTrap HP column (GE Healthcare BioSciences, Piscataway, NJ) equilibrated with 20 mM sodium phosphate buffer (pH 7.4) containing 0.5 M NaCl. After washing of the column with the same buffer containing 20 mM imidazole, the adsorbed proteins were eluted with the same buffer containing 500 mM imidazole. The purity of the proteins was estimated SDS-polyacrylamide gel electrophoresis.
20)
The enzyme concentration was determined with a Protein Assay Kit (Bio-Rad, Hercules, CA). IPMDH activity was measured by the method of Tamakoshi et al., 14) and the enzymatic activity under high pressure was determined by a method described previously 16) using a high-pressure spectrophotometric system (Syn Corporation, Kyoto, Japan) at 20 C. The concentration of IPM was 0.05-0.4 mM, and the reaction was monitored for 5 min. The values of K m and k cat were calculated with IPM as the substrate, and k cat values were expressed as reaction per dimer because the dimer is the minimal functional unit in IPMDH. A database search was carried out with FASTA 21, 22) on the Internet (http://fasta.ddbj.nig.ac.jp/top-j.html).
By the methods described above, IPMDH-encoding leuB genes were cloned from the obligate piezophile S. benthica DB21MT-2 and the non-piezophile S. oneidensis MR-1, and were successfully expressed in E. coli. In a previous investigation, IPMDHs were expressed without the His-tag. In this study, we constructed the expression system of the enzymes with the fused His-tag at the N-termini. We succeeded in purification of the expressed IPMDHs to an electrophoretically homogeneous state by metal-affinity chromatography (data not shown). Using the purified enzymes, enzyme activities were measured under various pressures, and the kinetic parameters were compared (Table 1 and Fig. 1 ). This is one of the typical data sets, and the experiment was repeated to confirm the results. Additional experiments provided data sets of the same tendency as the result obtained (data not shown). As shown in Fig. 1 , the catalytic efficiency (k cat =K m ) of the two enzymes showed similar properties for pressurization up to 100 MPa. The highest values were determined under a pressure of 100 MPa. The values under 50 MPa were lower than those under 0.1 MPa or 100 MPa. This is an interesting finding, but we cannot explain it at present. However, there were drastic differences under 150 and 200 MPa. The k cat =K m values of SbIPMDH under these pressures were 50-70% of that at atmospheric pressure. In contrast, those of SoIPMDH were less than 20% of the atmospheric pressure values. These data clearly indicate that SbIPMDH is more tolerant of high pressure than SoIPMDH. This is consistent with our previous suggestion that relative IPMDH activity of the heterologouslyexpressed enzymes from Shewanella species corresponds to the pressure conditions under which they live.
16) The effects of adding the His-tag on the enzymatic properties were not determined exactly, but it is likely to be neglectable because IPMDH with His-tag (this study) and without it 16) showed similar properties under change of pressure. For both enzymes, the inhibitory effects of high pressure on activity were reversible because the activity were recovered by decompression in all cases (data not shown). At a minimum, treatment at a pressure of 250 MPa for this time period (5 min) was not lethal to these enzymes. Although the results of this study are inadequate for detailed analysis, at least we found that SbIPMDH can be a model enzyme for analysis of the effects of high pressure on enzyme activity.
The difference in piezo-tolerance between SbIPMDH and SoIPMDH can be explained by two hypotheses. One has to do with the properties of subunit-subunit interactions under high pressure. It has been suggested that hydrophobic interactions at the subunit-subunit interface play important roles in the protein stability of thermophilic IPMDH. 12, 13) These interactions may be different between SbIPMDH and SoIPMDH, although the effect of high pressure on hydrophobic interactions of protein is controversial. If the subunits of both enzymes interacted even under high pressure, another hypothesis has to do with the difference in the change of activation volume in the enzyme reaction. The main parameter that affects enzyme activity under high pressure is the change in volume of the system when the reaction occurs. 1) High pressure inhibits reactions that occur with an increase in the volume of the system. In the case of dihydrofolate reductase of the piezophile S. violacea, the volume change was negative under pressures of 0.1-100 MPa and positive under pressures above 100 MPa. On the other hand, the corresponding enzyme of E. coli showed a positive volume change regardless of pressure.
2) The difference between SbIPMDH and SoIPMDH can be explained in the same manner.
In the present study, we found that the IPMDH of the obligate piezophile S. benthica DB21MT-2 is pressureadapted. This suggests one of the potential mechanisms for bacterial adaptation to a high pressure at the protein level. At present, it is difficult to discuss the relationship between protein structure and piezo-tolerance because SbIPMDH and SoIPMDH shows 85.2% identity and 94.7% similarity by FASTA at amino acid level. Elucidation of the protein structure under high pressure should clarify the relationship between protein structure and function under high pressure. Our results provide materials for such an investigation.
